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Metabolism occurs within cells that are separated f r0 ® 
toir environments by plasma membranes. Eu ai ^° * 
in addition, are compartmentalized by intrace 
membranes that form the boundaries and interna s ru 
'“fttof their various organelles. The nonpolar cores ot m 
lo ^ membranes make them highly impermeab e to m 
ljn ic and polar substances so that these substances cat 
lerse membranes only through the action of specific ** 
proteins. Such proteins are therefore required to mco 
K+ *!J tansmembrane movements of ions, sue 
’ 1 ^ > and Cl", as well as metabolites such as py™ 


amino acids, sugars, and nucleotides. Transport proteins 
are also responsible for all biological electrochemical phe¬ 
nomena. In this chapter, we discuss the thermodynamics, 
kinetics, and chemical mechanisms of these membrane 
transport systems. 


1. THERMODYNAMICS 
OF TRANSPORT 

As we saw in Section 3-4A, the free energy of a solute. A, 
varies with its concentration: 

Gi-GX' = RT In [A] [18.1] 


here G A is the chemical potential (partial molar free en- 
gy) of A (the bar indicates quantity per mole) and G" is 
ie chemical potential of its standard state. Strictly speak- 
,0 this equation applies only to ideal solutions: tor non- 
leal (real) solutions, molar concentrations must be re- 
laced by activities (Appendix to Chapter 3). Thts added 
amplication is unnecessary for our purposes, however, be- 
juse at the low physiological concentrations ot h'ologtcal 
lunck activities closely approach thetr correspond,ng 

’tXrrX^^t-ntwostdesofamem. 

rane 

A (<Mtf)5=*A(fa) 

. „ - rall v resembles a chemical equilibration. A 
SSSbtt concentrations of the substance on two 
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sides of a membrane generates a chemical potential differ¬ 
ence: 

AG a = G A (in) - G A (out) = RT\n [ 18-2] 

Consequently, if the concentration of A outside the mem¬ 
brane is greater than that inside, AG a for the transfer of A 
from outside to inside will be negative and the spontaneous 
net flow of A will be inward. If, however, [A] is greater 
inside than outside, A G A is positive and an inward net flow 
of A can only occur if an exergonic process, such as ATP 
hydrolysis, is coupled to it to make the overall free energy 
change negative. 

Membrane Potentials Arise from Transmembrane 
Concentration Differences of Ionic Substances 
The permeabilities of biological membranes to ions such 
as H + , Na + , K + , Cl - , and Ca 2+ are controlled by specific 
membrane-embedded transport systems that we shall dis¬ 
cuss in later sections. The resulting charge differences across 
a biological membrane generate an electric potential differ¬ 
ence, AT* = T(w) — y i’{out ), where AT is termed the mem¬ 
brane potential. Consequently, if A is ionic, Eq. [18.2] must 
be amended to include the electrical work required to 
transfer a mole of A across the membrane from outside to 
inside: 

AG A = RT\n(\^) + Z A F AV [18.3] 

where Z A is the ionic charge of A; the Faraday constant, 
is the charge on a mole of electrons (96,494 C • mol -1 ); and, 
G a is now termed the electrochemical potential of A. 

Membrane potentials in living cells can be measured di¬ 
rectly with microelectrodes. AT values of—100 mV (inside 
negative) are not uncommon (note that 1 V = 1 J*C -1 ). 
Thus the last term of Eq. [ 18.3] is often significant for ionic 
substances. 


2 KINETICS AND MECHANISMS 
OF TRANSPORT 


■her classified into wo categories depending on 
modynatnics of the system: ^ 

, passive-mediated ttansport or facilitated d iff 

which specific molecules flow from high con*** 
low concentration so as to equilibrate th eir J*** 
.ration gradients. °"*t. 




In this section, we coibw umme of nonmedi ate1 
ansport and then compare it to passive-mediated tram 
jrt as exemplified by the erythrocyte glucose transp^- 
onH nnrins. Active transport is evan,;. 


A. Nonmediated Transport 

The driving force for the nonmediated flow ofa substance a 
through a medium is A s electrochemical potential gradient. 
This relationship is expressed by the Nemst - Planck equa- 
tion: 

J A = -[A]U a {dGJdx) [ 18 . 4 ] 

where J A is_the flux (rate of passage per unit area) of A, ,ti$ 
distance, dGJdx is the electrochemical potential gradient 
of A, and U A is its mobility (velocity per unit force) in the 
medium. If we assume, for simplicity, that A is an un¬ 
charged molecule so that G A is given by Eq. [18.1], the 
Nemst-Planck equation reduces to 

J A = -D A {d[A]/dx) [18.51 

where D A = RTU A is the diffusion coefficient of A in the 
medium of interest. This is Fick’s first law of diffusion, 
which states that a substance diffuses in the direction iha^ 
eliminates its concentration gradient, d[A]/dx, at a rati 
proportional to the magnitude of this gradient. 

For a membrane of thickness x, Eq. [18.5] is appr° u 
mated by 


Thermodynamics indicates whether a given transport pro¬ 
cess will be spontaneous but, as we saw for chemical and 
enzymatic reactions, provides no indication of the rates of 
these processes. Kinetic analyses of transport processes to¬ 
gether with mechanistic studies have nevertheless permit¬ 
ted these processes to be characterized. There are two types 
of transport processes: Nonmediated transport and me¬ 
diated transport. Nonmediated transport occurs through 
simple diffusion. In contrast, mediated transport occurs 
through the action of specific carrier proteins that are 
variously called carriers, permeases, porters, translocases, 
translocators, and transporters. Mediated transport is fur- 


A = ^([AU - [AD = -PaUAU - [AU [lS - 61 

where D A is the diffusion coefficient of A inside the ® e ^ 
brane and P A = DJx is termed the membrane s per® ^ 
ity coefficient for A. The permeability coefficient lS 
five of the solute’s tendency to transfer from the 
solvent to the membrane’s nonpolar core. It sbou 
fore vary with the ratio of the solute’s solubility >n ^ 
lar solvent resembling the membrane’s core (e g-> 
to that in water, a quantity known as the solute s 0 f 
coefficient between the two solvents. Indeed, 
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niany nonelcctrolytes across erythrocyte membranes vary 
i nearly with their concentration differences across the 
membrane as predicted by Eq. [ 18.6] (Fig. 18-1). Moreover, 

1 cir permeability coefficients, as obtained from the slopes 
of plots such as Fig. 18-1, correlate rather well with their 
measured partition coefficients between nonpolar solvents 
and water (Fig. 18-2). 

B. Kinetics of Mediated Transport: Glucose 
Transport into Erythrocytes 

Despite the success of the foregoing model in predicting the 
rates at which many molecules pass through membranes, 
there are numerous combinations of solutes and mem¬ 
branes that do not obey Eq. [18.6]. The flux in such a sys¬ 
tem is not linear with the solute concentration difference 
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18.2 T , 

"Wc mow 1 . ^mneability coefficients of various 
Sonata ver! ^ P^ 013 membranes from the alga Nitella 

^ Wjle r (a m US ^ art ‘ t * on coefficients between olive oil 
n Casure of a molecule’s polarity). This more or less 


0.001 0.01 
Oil-water partition coefficient 

linear log-log plot indicates that the rate-limiting step for the 
nonmediated entry of a molecule into a cell is its passage 
through the membrane’s hydrophobic core. [Based on data from 
Collander, R., Physiol. Plant. 7,433-434 (1954).] 








516 Chapter IS. Transport through Membranes 


Speed and Specificity ...... roe fficients of 

Table 18-1 indica t e S lha,.hepem^bty~«» dttatof 

D-glucose and D-manmtol in s - vn arc j n reasonable 

D-mannilolinlheerythroc,K membrane on 

agreement with .he values: ralculaed fmm ^ How . 
and panition coefficients of Ibex. * ermeab ilily coeffi- 

ever, the experimentally ^'"^/mTmbrane is four 

«*- ™ **•"* *** 

cose from D-mannitol. 


^Tb'e^ncfnSSn dependence oWucose .ranspor. indi¬ 
cates that its flux obeys the relations tp. 


A — 


[18.7] 


This saturation function ^n^he^quation^escribingthe 

(Fig. 18-3). We have seen ^ and in the 

binding of 0 2 to my °f? describing the rates of enzy- 
Michaelis - Menten equaho d ^ ^ fflay be 

-atic reactions (Eq. [13-24])._ ^ 


lb I 

ITY coefficients of Natural 
TABLE 18 - 1 . P =ran£S o d-Glucose and 

aND SYNTHETIC MEMBRAN 

D-MaNNITOL at 25 <- 


Permeability Coefficient 
(cm • s' 1 ) 



_ >1 0 x lO'°mAf • cm • s ~ l 


,, 8 v Tu** - 

across the corresponding membrane (1*>8- _*, is much 
thcrmorc. the solute's permeability’ . partition coclfi- 

Iatger than is expected on the bji™ ‘ ‘ ^ 0 / utes arc con- 

cient. Such behavior indicates that i carricr molecules: 
yeved across membranes m comp c • 

that is. they undergo mediated „ 1C erythrocyte 

The system that transports glucose across^^^^ ^ pas _ 

membrane provides a well-characten rts gluC osc 

sive-mediated transport: It mvanaby P ralc pre- 
down its concentration gradient but.no tra „ s - 

dicted by Eq. [18.6]. Indeed. thecrytJ™***^^ im¬ 
porter exhibits four chamctenst.cthat d.tt ^ 

dialed from nonmediated trans w cn«- 
specificity. (2) saturation kinetics (3 ) s inacti . 

petitive inhibition, and (4) susceptibi 3 the 

L/o«- In the following P-nOT* “J Qualities, 
erythrocyte glucose transporter exhibits these q 



4 6 

[Glucose] m M 


The variation of glucose flux into human 
FIGURE 18-3; cxternal glucose concentration at 5'C.K 

erythrocytes wltn • enta iiy determined data points, and ih e 
black dots ^ re e . imputed from Eq. [ 18.7] with = [. 0)< 
solid green line is «.■ v 0 .5 mAf. The nonmediated gl UC0Se 
10" 6 mAf’ cm ' s , with [glucose] (Fig. 18-1) but wouldnot 
flux increases line y base]ine on the scale of this drawing 
visibly depart nom Movement of Molecules across 

[Bated «" «*“ "“Stoic Frets (1967U 

Membranes, p- 1 J4 > 


„ a i, v as the concentration of glucose when 
defined °P e ™ U - y half D f its maximal rate, J„J2. This 
the transport nux ki neticsfor glucose transport was 

observationof saur satura ble number of sites on 

S%ST£Z* *. *—- 


be described by a simple four- 

The transport proc ^. binding> transp0 rt, dissocia . 

step kinetic scheme 1 8 ^ binding and dissociation 

» under active invention t.d* 
discussed in Section 18-2D. 


Susceptibility to Competitive InWbitioji ^ 

Many compounds stroctu^y 1 reci p roca l plot (Section 

into erythroc^es in^ep- 

°I, 6 ;^ n ^inhibWonoW_^ 


Susceptibility to Chemical Inactivatm ,**?* 

Treatment of erythrocytes with Hg tbuS inacfi v 

protein sulfhydryl groups (Section * ble flux ° f ^ ^ 

many enzymes, causes the rapid,:® conS tant aPP r( *V 

to disappear so that its permeabi y , ose tra^P 0 

that of mannitol. The erythrocyte g 


ence or absence of fi-tf-benzyl- g ibition ofgl^ 
shows behavior typical of <competitr^e isdiscu ssed m 

transport (competitive inhibition of 1snzy .. inhibits * 
Section 13-3 A). Susceptibility to compel va 0ef<* 
dicates that there is a limited number of 
mediated transport. 















“> smh r**"®*! «WWJ indi. 
- • fact, w a protein. 

C obK^™" 5 indicate that s /„«, w 

•'V " 1 tmihrocyie membrane is mediated hr „ 

e ° reWdiKms,hc >n«h; 
disport system, however, we shall examine 
^.Ot tf | r m0 dels of facilitated diffusion. 


1. Binding 

A (oh/) 
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Ton# • A [out) 
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2 . Transport 


[ 

— T,-., . A (in) 


* 

A (m) 

3. Dissociation 

-r. |g 4 a general kinetic scheme for membrane 
involving four steps: binding, transport, dissociation, 
r5 ^ ovOV# x is the transpon protein whose binding site for 
^ A is located on either the inner or the outer side of the 
ai any one time. 


1/Jgucose 


Glucose + 10 m M 

6-0-benzyl- 

D-galactose 



*"5- Double-reciprocal plots for the net flux of 
er >rhroc\tes in the presence and absence of 6-0* 
^^rtalactose. The pattern is that of competitive inhibition. 
J E G - Holman, G.D., Cbalkley, U, and 
,h ~^Biochem. J. 145,422 (1975).] 
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C> lono Phores and Porins 

en- 


op lores May Be Carriers or Channel Formers 

nf °k ,0 u 0rcs arc or g^inic molecules of diverse types, many 
w ic are antibiotics of bacterial origin. Cells and organ- 
es actnely maintain concentration gradients of various 
>ons across their membranes (Section 18-3A). The antibi- 
o c properties of ionophores arise from their tendency to 
^ arge these vital concentration gradients. 

There are two types of ionophores: 

1 . Carriers, which increase the permeabilities of mem¬ 
branes to their selected ion by binding it, diffusing 
through the membrane, and releasing the ion on the 
other side (Fig. 18-6a). For net transport to occur, the 
uncomplexed ionophore must then return to the origi¬ 
nal side of the membrane ready to repeat the process. 
Carriers therefore share the common property that their 
ionic complexes are soluble in nonpolar solvents. 

2 . Channel formers, which form transmembrane channels 
or pores through which their selected ions can diffuse 
(Fig. 18-6b). 

Both types of ionophores transport ions at a remarkable 
rate. For example, a single molecule of the carrier antibiotic 
valinomycin transports up to 10 4 K + ions/s across a mem¬ 
brane. Channel formers have an even greater ion through¬ 
put; for example, each membrane channel composed of the 
antibiotic gramicidin A permits the passage of over 10 7 K + 
ions/s. Clearly, the presence of either type of ionophore, 
even in small amounts, greatly increases the permeability of 
a membrane towards the specific ions transported. How¬ 
ever, since ionophores passively permit ions to diffuse across 


hancoH i,„ „ f ,,u ' u,dlcu ‘ranspon nas occi 
j ncr .K 1C Study ,°f ' nno Ph<> r es, substances that \ 
c permeability of membranes to particular 


(a) Carrier ionophore (b) Channel-forming ionophore 
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a membrane in either direction , their effect can only be to 
equilibrate the concentrations of their selected ions across 
the membrane. 

Carriers and channel formers are easily distinguished ex¬ 
perimentally through differences in the temperature depen- 
ence ot their action. Carriers depend on their ability to 
difluse freely across the membrane. Consequently, cooling 
a membrane below its transition temperature (the tempera¬ 
ture below which it becomes a gel-like solid; Section 11-2B) 
essentially eliminates its ionic permeability in the presence 
of earners. In contrast, membrane permeability in the pres¬ 
ence of channel formers is rather insensitive to temperature 
because, once in place, channel formers need not move to 
mediate ion transport. 

The K + -Valinomycin Complex Has a Polar Interior and 
a Hydrophobic Exterior 

Valinomycin, which is perhaps the best characterized 
carrier ionophore, specifically binds K + and the biologically 
unimportant Rb + . It is a cyclic depsipeptide that has both 
d- and L-amino acid residues (Fig. 18-7; a depsipeptide 
contains ester linkages as well as peptide bonds). The X-ray 
structure of valinomycin’s K + complex (Fig. 18-8fl) indi¬ 
cates that the K + is octahedrally coordinated by the car¬ 
bonyl groups of its 6 Val residues, which also form its ester 
linkages. The cyclic, intramolecularly hydrogen bonded 
valinomycin backbone follows a zigzag path that surrounds 
the K + coordination shell with a sinuous molecular brace¬ 
let. Its methyl and isopropyl side chains project outward 



FIGURE 18-7. Valinomycin is a cyclic depsipe p ti de (ha . 

ester and amide bonds) that contains both d- and L-aminn ^ th 

u acidj 


from the bracelet to provide the spheroidal complex with 
hydrophobic exterior that makes it soluble in nonp 0 l a fj 
vents and in the hydrophobic cores of lipid bilayers |j 
coraplexed valinomycin (Fig. 18-8Z>) has a more open co! 
formation than its K + complex, which presumably 
facilitates the rapid binding of K + . 

K + (ionic radius, r— 1.33 A) and Rb + (r= 1.49 ^ 
snugly into valinomycin’s coordination site. However, the 
rigidity of the valinomycin complex, makes this site too 
large to accommodate Na + (r = 0.95 A) or Li + (r = 0 . 6 OA) 
properly; that is, valinomycin’s six carbonyl oxygen atoms 
cannot simultaneously coordinate these ions. Complexes of 



FIGURE 18-8. Valinomycin X-ray structures, (a) The K + 
complex. The six oxygen atoms that octahedrally complex the 
K + ion are darker red than the other oxygen atoms. [After 
Neupert-Laves, K. and Dobler, M., Helv. Chim. Acta 58,439 


(1975).] {b) Uncomplexed valinomycin. [After Smith, G.D- 
Duax, W.L., Langs, D.A., DeTitta, G.T., Edmonds, 
Rohrer, D.C., and Weeks, C M„ J. Am. Chem. Soc. *'• 
(1975).] Hydrogen atoms are not shown. 
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Fig iipp Gramicidin A 

anH , , 18 ' 10 - Gramicidin A consists of 15 alternating d- 

termin! mm0 aCld residues and is blocked at both its N- and C- 


Gramicidin A 
dimer 


FIGURE 18-9. Monensin. (a) The structural formula with the 
sjj oxygen atoms that octahedrally complex Na + indicated in 
red. (t) The X-ray structure of the Na + complex (hydrogen 
atoms not shown). [After Duax, W.L., Smith, G.D., and Strong, 
P.D, J. Am. Chem. Soc. 102,6728 (1980).] 


figure 18-11. A schematic diagram of the transmcmbranc 
channel formed by two molecules of gramicidin A, The 
molecules presumably dimerize by a hydrogen bonding 
association between their iV-formyl ends (N). 


these ions with water are therefore energetically more fa¬ 
vorable than their complexes with valinomycin. This ac¬ 
counts for valinomycin’s 10 , 000 -fold greater binding affin- 
J. over Na + . Indeed, no other known substance 
discriminates so acutely between Na + and K + . 

The Na + -binding ionophore monensin (Fig. 1 8-9a), a lin- 
® Pdyether carboxylic acid, is chemically different from 
^nomycin. Nevertheless, X-ray analysis reveals that 
5 ^ a+ complex has the same general features as 
c °ordin^ CmS com P* ex that monensin octahedrally 
O^h ^ 3+ S ° 3510 wrap ^ ' n a nonpolar jacket (Fig. 
tics, Cr canaer ionophores have similar characteris- 

Grami^ Forms Helical Transmembrane Channels 
^ 3 cbanne l*forming ionophore from Ba- 
^ons (j U .. ^Permits the passage of protons and alkali 
1S blocked by Ca 2+ . It is a 15-residue linear 


polypeptide of alternating l and d residues that is chemi¬ 
cally blocked at its amino terminus by formylation and at 
its carboxyl terminus by an amide bond with ethanolamine 
(Fig. 18-10). Note that all ofits residues are hydrophobic as 
is expected for a small transmembrane polypeptide. NMR 
and X-ray crystallographic evidence indicate that gramici¬ 
din A dimerizes in a head-to-head fashion to form a trans¬ 
membrane channel (Fig. 18-11). This is corroborated by the 
observation that two gramicidin A molecules with their 
N-terminal amino groups covalently cross-linked form a 
functional ion channel. 

The gramicidin A channel cannot be a helical because a 
helices lack a central channel and cannot consist of alter¬ 
nating l and d residues. Dan Urry has proposed that grami¬ 
cidin A forms a novel helix that he named the p helix be¬ 
cause it resembles a rolled up parallel p sheet. Successive 
backbone N—H groups in this model alternately point up 
and down the helix to hydrogen bond with backbone car- 
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bonyl groups. An NMR structure, by Timothy Cross, of 
gramicidin A in a lipid bilaycr supports this model and 

t ° W ( S p' * s ”8^ banded with 6 to 7 residues per 

um ( lg. 18-12). As a consequence of its alternating d and 
resi ues, the side chains of the p helix festoon its periphery 
o omi the channel’s required hydrophobic exterior (recall 
at m a /? sheet of all L-amino acid residues, the side chains 



FIGURE 18-12. A model for the gramicidin A trans- 
membrane channel. Each gramicidin A molecule of the 
head-to-head dimer forms a right-handed helix in which the 
hydrogen bonding pattern resembles that in a parallel p pleated 
sheet. The novel hydrogen bonding arrangement of this 26-A- 
long “P helix” is made possible because the alternating d and l 
configurations of the amino acid residues permit both successive 
NH and successive CO groups to point in opposite directions 
along the helix. The helix’s bore diameter of 4 A is sufficient to 
permit passage of alkali metal cations. [After Dobler, M., 
Ionophores and Their Structures, p. 215, Wiley-Interscience 
(1981). Based on a model proposed by D.W. Urry.] 


alternately extend to opposite sides of the S h eet .. 

7-1C). The polar backbone groups thus li ne JJ* V 
channel and thereby facilitate the passage ofj 0n % n ^ 
Tip side chains in the C-temunal half 0 f each 
chain are oriented with the,r polar N H gr ou “NJ 
towards the bilayer surface, thereby orienting 
helix perpendicular to the bilayer. Indeed, the Z S 
of these Trp residues by Phe significantly red Uces .? Ce % 
nel’s conductivity without altering its backbone coi¬ 
tion. 0r % 


Porin Structures Explain Their Ion Selectiviti es 
The only channel-forming proteins whose X-ra 
tures are presently known are the bacterial p 0 ri ns 
transmembrane proteins, each of whose identical’s 1 ^ 
consists mainly of a 16-stranded antiparallelban- 
forms a solvent-accessible channel along its barr l ^ 
(Section 11-3A). In the£. coli OmpF porin (Figs, l j?#**** 
18-13), this ~50-A-long channel is constricted ne ^ D(l 
center to an elliptical pore that has a minimum crosT ^ 
tion of 7 X 1 1 A. Consequently, solutes of more than 
D are too large to pass through a porin channel t!° 
OmpF porin is weakly cation selective, whereas the fit 
identical E. coli PhoE porin is weakly anion selective TV 



GURE 18-13. A longitudinal section through the pore of 
t e OmpF porin subunit as seen in its X-ray structure. The 
meshwork indicates the protein’s solvent-accessible surface (the 
part of the protein that is in contact with water). The narrowest 
part of the pore, which is -9 A in length, is indicated by the 
short vertical bar on the left. The vertical scale on the right is 
the same as that in Fig. l l-28c and, hence, reference to this 
figure indicates the position of the hydrophobic band on tb e 
exterior of the protein. [Courtesy of Tilman Schirmer and J° 
Jansomus, University of Basel, Basel, Switzerland.] 




nce in ion selectivity is largely explains u , 

di^vs 1 31 inPhoE ’ thehomo| ogorciy nr lhcPrcs ' 
chain of Lys *31 protrudes into the civ," 1 ° mpF - 
a row of basic side chains lining 0nc 
tD friction rone. The mutagenic replacement or thc 
< Glu largely abolishes thc anion selectivity ^ 131 

" 1 ‘ 1 ' lS replacement of any of several Lys resin. , E > 
""mouth of the channel by Glu has a lesser effect* ‘ nin8 
,t,e ^ity- Evidently, Lys 131 electrostaticallv T ? ’° n 
f .passage of anions, probably by providing ^ 
fL site, whereas it is likely that the L ys side rh ° n 

^*niouth of the channel function to attract anions hato the 

channel- 

p Mechanism of Passive-Mediated 

Glucose Transport 

mtegral membrane proteins either are exposed only at one 
surface 0 f the membrane or in the case of transmembrane 
proteins, are oriented in only one direction with respect to 
the membrane (Section 11 -3 A). Since protein flip-flop rates 
are negligible, the mobile carrier model that describes the 
mechanism ofionophoressuch as valinomycin (Fig. l8-6a) 
is not applicable to protein-mediated transport-rathe!, 
some sort of channel or pore mechanism appears likely 


Glucose Transport Occurs via a Gated Pore Mechanism 
The erythrocyte glucose transporter is a 55-kD glycopro¬ 
tein which, according to sequence hydropathy analysis 
(Sections 7-4C and 11-3A), has four major domains (Fig. 
18-14): (1) a bundle of 12 membrane-spanning a helices 
that are thought to form a hydrophobic cylinder surround¬ 
ing a hydrophilic channel through which the glucose is 
transported; ( 2 ) a large, highly charged, cytoplasmic do¬ 
main located between helices 6 and 7 ; ( 3 ) a smaller, carbo¬ 
hydrate-bearing, external domain located between helices 1 
and 2; and (4) a relatively large C-terminal domain which is 
also cytoplasmic. The glucose transporter accounts for 2 % 
°ferythrocyte membrane proteins and runs as band 4.5 in 
DS-PAGE gels of erythrocyte membranes (Section 11 - 
f. it is not visible on the gel depicted in Fig. 11-34 because 
, e heterogeneity of its oligosaccharide component makes 
^ Protein band diffuse). 

roc W ° observ ations support the hypothesis that the eryth- 
- f glucose transporter is asymmetrically disposed in the 
® e ®brane (Fig. 18-146): 

^lactose oxidase oxidizes the galactose units of the glu- 
oxVi trans P 0r ^ er ’ s carbohydrate moiety only when the 
la ^ * s °ntside the erythrocyte. The transporter s ga- 
0s e units must therefore be located on the erythro- 
™ cell surface. 

ff 0n . Sltl . on| y disrupts glucose transport when it acts 
( fevoiH Vlt f * n an erythrocyte ghost (erythrocytes ma e 
of cytoplasm). The transporter’s trypsin-sensi- 
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mc mbranc. SUrfa “ " r "* erythrocyte plasj 

J”' n'cmb^'ch'avcdflfcrem '!“‘ W “ of,hc crythro. 
J ohn Barnett showed tint 1 slcnc requirements as well 
ShicoscCl Pr ° Py ' W 1 

Prevents binding to thc Pr ° Py ‘ 8roup t0 C6 

P°sed that this tram™ T SUrface - He therefore pro- 

conformations: onewithThe^J 10 Pr ° tC ' n has two a| ternate 
cell surface, requiring Oi l S ' te facing thc “tonal 
the other with Z ?° C ° ntact ’ and lcavin 8 06 free, and 
f«. requiring 06co ** 

Transport apparently mtTl I '”? 01 frec(Fi8 ' l8 '15)- 
Protein on one face Ifthn by bmding glucose to the 
national change thlril m J b [ ane -f° Uo ^d by a confor- 
other. Glucose can then t le S rs [ Slle while ^Posing the 
been , hen dlssoclate fr °m the protein having 

S IrlZlf 0 ? ,he 'be transport 

Porter to its initial ^ reversion of the & luc ose trans- 

glucose S n ' h C ° n , rmatl0n in the absence of bound 

direct on f f Cy Can ° CCUr in either direction > the 
direction of net glucose transport is from high to low glu- 

cose concentrations. The glucose transporter thereby pro- 
a means of equilibrating the glucose concentration 
cross the erythrocyte membrane without any accompany¬ 
ing leakage of small molecules or ions. 

The mechanism of glucose transport across erythrocyte 
membranes is a general one, often referred to as a gated 
pore. Indeed, ail known transport proteins appear to be 
asymmetrically situated transmembrane proteins that al¬ 
ternate between two conformational states in which the lig¬ 
and-binding sites are exposed, in turn, to alternate sides of 
the membrane. 


Eukaryotes Express a Variety of Glucose Transporters 
The erythrocyte glucose transporter, known also as 
GLUT1, has a highly conserved amino acid sequence (98% 
sequence identity between humans and rats), which sug¬ 
gests that all segments of this protein are functionally signif¬ 
icant. GLUT1 is expressed in most tissues, although in liver 
and muscle, tissues that are highly active in glucose trans¬ 
port, it is present in only tiny amounts. At least four other 
glucose transporters, GLUT2 through GLUT5, are 40 to 
65% identical to GLUT1 but have different tissue distribu¬ 
tions. For example, GLUT2 is prominant in pancreatic f 
cells (which secrete insulin in response to increased [glu¬ 
cose]; Section 17-3F) and liver (where its defects result in 
Type’I glycogen storage disease; Section 17-4), whereas 
GLUT4 occurs mainly in muscle and fat cells. Note that the 
tissue distributions of these glucose transporters correlate 
with the response of these tissues to insulin: Liver is unre- 
snonsive to insulin (liver functions, in part, to maintain the 
[evel of blood glucose; Section 17-3F), w bereas muscle and 
fal oells take up glu®* »mulated by insulin. 
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,4 (i Opposite ) (fl) A hydropathy plot of the 
•of; glucose transporter amino acid sequence 

f |C ,n ^ ,nerated by averaging the hydropathy values ’ 
/!,ot ^, g the residues within a sliding window of 21 amino 
7-5) 0 ugh to form a transmembrane a helix) and 
( T frt’sid ueS erages with respect to the position of the 
3 ,ting the Mdle residue. The numbers refer to the 12 predicted 
f!V s ^ning regions- [After Mueckler, M., Caruso, C. 

" ^^f panico, M., Blench, I., Morris, H.R., Allard, 

S- A '. q 3 nd Lodish, H.F., Science. 229,944 
■J ^ a nredicted model for the orientation of the human 
' , 85 ).] (W AP c0se transporter in the erythrocyte membrane. 
l ' lh roO' te .. se quence is given in terms of the one-letter code 
J;>fl 0 f‘ -t h positively charged residues (K and R) colored 
ffjbfc 4 ' 1 • pi v charged residues (D and E) colored red, and 
residues (H, N, Q, S, and T) colored purple. 

Lbf u ° ch ?d rectangles represent the 12 predicted membrane- 
^ nUtI1 U'ces, each of which consists of precisely 21 residues, 
spanning bel * ’ jt j on 0 f the TV-linked oligosaccharide at Asp 45 
presumed site of galactose oxidase oxidation), 
is shown P otent iai tryptic cleavage sites. [After Davies, 

Arrows P°' n , Einhard, G.E., Boyle, J.M., Whetton, A.D., 

s - a -’ Biochem ' 1 266, 801 (1990) ' 1 
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r iinlar Glucose Uptake Is Regulated through the 
Insulin-Sensitive Exocytosis/Endocytosis of 
riucose Transporters 

Insulin stimulates fat and muscle cells to take up glucose. 
\Vthia~15 min after the administration ofinsulin, the J m „ 
f0 ! passive-mediated glucose transport into these cells in¬ 
creases 6- to 12-fold, whereas the K M remains constant. 
Upon withdrawal of the insulin, the rate of glucose uptake 
returns to its basal level within 20 min to 2 h depending on 
conditions. Neither the increase nor the decrease in the rate 
of glucose transport is affected by the presence of protein 
synthesis inhibitors so that these observations cannot be a 
consequence of the synthesis of new glucose transporter or 
ofa protein that inhibits it. How, then, does insulin regulate 


ucose transport? . 

Basal statefat and muscle cells store most of their g ucose 
wsporters in internal membranous vesicles. Upon insu in 
mutation, these vesicles fuse with the plasma membrane^ 
a process known as exocytosis (Fig. 18-16). The conse 
lent increased number of cell-surface glucose transporters 
1UT4) results in a proportional increase in t e ce 
ucose uptake rate. Upon insulin withdrawal, the process 
^versed through the endocytosis of plasma mem rap 
jlucose transporters. The deletion or muta 1 


\ E *8-16. The regulation of glucose uptake in 
* ce lls by the insulin-stimulated exocytosis (the opp 
°cytosis; Section 11-5C) of membranous vesicles 
^ n g GLUT4 glucose transporters (left). Upon insu 
M the process reverses itself through endocytos 


FIGURE 18-15. The alternating conformation model for 
glucose transport. Such a system is also known as a “gated 
pore.” [After Baldwin, S.A., and Lienhard, G.E., Trends 
Biochem. Sci. 6,210 (1981).] 
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GIAJT 4 s N-tcrminal eight residues, particulaly Phe 5, 
causes this transporter to accumulate in the plasma mem¬ 
brane. Evidently, GLUT4’s N-terminal segment targets it 
tor sequestration by the cell's cndocytotic machinery, al¬ 
though how insulin controls this system is unknown. 


3. ATP-DRIVEN ACTIVE 
TRANSPORT 


Mediated transport is categorized according to the stoichi¬ 
ometry of the transport process (Fig. 18-17): 

1. A uniport involves the movement of a single molecule at 
a time. The erythrocyte glucose transporter is a uniport 
system. 

2. A symport simultaneously transports two different mol¬ 
ecules in the same direction. 

3. An antiport simultaneously transports two different 
molecules in opposite directions. 

The electrical character of ion transport is further specified 

as: 

1 . Electroneutral (electrically silent) if there is simulta¬ 
neous charge neutralization, either by symport of oppo¬ 
sitely charged ions or antiport of similarly charged ions. 

2. Electrogenic if the transport process results in a charge 
separation across the membrane. 

Since the glucose concentration in blood plasma is gener¬ 

ally higher than that in cells, the erythrocyte glucose trans¬ 
porter normally transports glucose into the erythrocyte, 


A (out) 


A (out) 
B (out) 


A (out) 
B (out) 



► A (in) Uniport 


A (in) 
► B (in) 


Symport 


► A < in > Antiport 
— B (in) 


FIGURE 18-17. Uniport, symport, and antiport translocation 
systems. 


, it is metabolized via glycolysis. Ma nv « , 
I^Tvcr, arc available on one side of a mc mb 
enncxntralions than are required on the Other'S 
membrane. Such substances must be active,, 

UveTy transported across the membrane agai^% 

centration gradients. %. 

Actlsc transport is on cntkrgomc proem 
coupled to the hydrolysis ofATP. How is this co ’% 
eomplished? In endergomc btosyntheue reacUo^ % 
“re through the direct phosphorylatton of a su ^' "h 
ATP; for example, the formation of UTPm thesy*% 
glycogen (Section 17-2B). Membrnnetransport, C« 
usually a physical rather lhan a chem,cal process; lh °'« 
ported molecule is not chemtcally altered. Detem,^ 
mechanism by which the free energy of ATP hydro ,& 
coupled to endergomc physical processes has 

been a challenging problem. 

Tu„n tvnes of ATP hydrolyzing, transmembran*. 


1 P-type ATPases are located mostly in plasma mem. 
* branes and are directly phosphorylated by ATPd Uring 
the transport process. They are distinguished from the 
other types of cation-translocating ATPases by their i D . 
hibition by vandate (VO4 , a phosphate analog; see 
Problem 4 in this chapter). 

2. F-type ATPases (F,F 0 ) are located in mitochondria and 
are discussed in Section 20-3C. 

3. V-type ATPases are located in plant vacuolar mem¬ 
branes and acidic vesicles, such as animal lysosomes, 
and are homologous to the F-type ATPases. 


Anions are transported by a fourth type of ATPase, the 
so-called A-type ATPase. In this section, we discuss P-tyue 
ATPases. We also examine a bacterial active transport pro¬ 
cess in which the molecules transported are concomitantly 
phosphorylated. In the next section, we study secondary 
active transport systems, so-called because they utilize £ 
free energy of electrochemical gradients generated by ton- 
pumping ATPases to transport ions and neutral molecules 
against their concentration gradients. 


i. (Na + -K + ) -ATPase of Plasma 
Membranes 

)ne of the most thoroughly studied active tranS ^L BiS . 
sms is the (Na + -K + )- ATPase of plasmat**^ 
'his transmembrane protein was first isolat ^ jj^kD 
ens Skou. It consists of two types ofsubunis. .3. 
longlycosylated a subunit that contains t glyco- 

ytic activity and ion-binding sites, and an enC es^ 
irotein /? subunit of unknown function. ^ ^ 9 ^ 

he a subunits from several animal specif ^as ar ° ul1 

dentical in mammals, suggest that this su largf c j 
ight transmembrane a-helical segments predict^ 
oplasmic domains. The/? subunit is e eX tra # * 1 2 3 * * * * * * * 11 

lave a single transmembrane helix an a 
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Carbohyd r 


Cardiotonic 

steroid 

binding sites 


ATP- 

binding sites 


jg The putative dimeric structure of the 
fl cLRt n ATPase indicating its orientation in the plasma 
(Sa + - K+) ' 

U brane ‘ 


. The protein is thought to have the subunit compo- 
(Fig- 18-18), but it is unclear whether this di- 
9tl °c structure is a functional necessity. The enzyme is 
fen called the (Na + -K + ) pump because it pumps Na + out 
°(andK* int0 tlie cel1 witfl tlie concomitant hydrolysis of 
intracellular ATP. The overall stoichiometry of the (Na + - 
K+j_ATPase reaction is 

3 Na + (m) + 2K + (out) + ATP + H 2 0 

3Na + (out) + 2K + (m) + ADP + P,. 

The(Na + -K + )-ATPase is therefore an electrogenic anti¬ 
port: Three positive charges exit the cell for every two that 
enter. This extrusion of Na + enables animal cells to control 
their water content osmotically; without functioning 
(Na + -K + ) pumps, animal cells, which lack cell walls, 
would swell and burst (recall that lipid bilayers are perme¬ 
able to H 2 0; Section 1 1-2B). Moreover, the electrochemi¬ 
cal potential gradient generated by the (Na + -K + ) pump is 
responsible for the electrical excitability of nerve cells (Sec¬ 
tion 34-40) and provides the free energy for the active 
transport of glucose and amino acids into some cells (Sec¬ 
tion 18-4A), In fact, all cells expend a large fraction of the 
, P l ^y produce (up to 70% in nerve cells) to maintain 
1 sir required cytosolic Na + and K + concentrations. 


ha! ^^Phorylates an Essential Asp During the 


H°rt Process 

lt ^pon A TP hydrolysis powers the endergonic 

diem i n an< * K+ against an electrochemical gra- 
^ ese two processes, a kinetic barrier 
of M a + a ^,°^' + b)e erected against the “downhill” transport 
simnit along tlie ‘ r ' on concentration gradients, 


'“uaition f r ' eous ^' facilitating their “uphill” transport. 
JllSence of n U k'! e hydrolysis must be prevented in the 
p 1 transport. How the enzyme does so is by 


no means well understood, although many of its mechanis¬ 
tic aspects have been elucidated. 

A key discovery was that the protein is phosphorylatcd by 
ATP in the presence of Na + during the transport process. 
The use of chemical trapping techniques demonstrated that 
this phosphorylation occurs on an Asp residue to form a 
highly reactive aspartyl phosphate intermediate. For in¬ 
stance, sodium borohydride reduces acyl phosphates to 
their corresponding alcohols. In the case of an aspartyl 
phosphate residue, the alcohol is homoserine. By use of 
[ 3 H]NaBH 4 to reduce the phosphorylated enzyme, radioac¬ 
tive homoserine was, in fact, isolated from the acid hydrol¬ 
ysate (Fig. 18-19). 

The (Na + -K+)-ATPase Has Two Major 
Conformational States 

The observations that ATP only phosphorylates the 
(Na + -K + )-ATPase in the presence of Na + , while the 
aspartyl phosphate residue is only subject to hydrolysis in 
the presence of K + , led to the realization that the enzyme 
has two major conformational states, £j and E 2 . These 
states have different tertiary structures, different catalytic 
activities, and different ligand specificities: 

1. £, has an inward-facing high-affinity Na + -binding site 
( K m = 0.2 m M, well below the intracellular [Na + ]) and 
reacts with ATP to form the activated product E { ~P 
only when Na + is bound. 


C=o o 

I II 

CH — CH 2 —C — 0PO 3 + NaB 3 H 4 

NH 

I 

Aspartyl phosphate 
residue 


I 

C=0 f H 

I I 

CH — ch 2 — c— OH + F>. 
NH 3 h 


acid hydrolysis 


COO 3 H 
I I 

CH—CH 2 —C—OH 
I j. J 


NH 


’H 


Homoserine 

FIGURE 18-19. Reaction of [ 3 H]NaBH 4 with phosphorylated 
(Na + -K + )-ATPase. The isolation of [ 3 H]homoserine following 
acid hydrolysis of the protein indicates that the original 
phosphorylated amino acid residue is Asp. 
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2. E,—P has an outward-facing high-al1inity K '| 1in h . 
site (A-„-0.05Af. well below .be 
and hydrolyzes to form P, + £ a only when K 

An Ordered Sequential Kinetic Reaction Meehan _ 
Accounts for the Coupling of Active Transport witn 

Hydrolysis . ,, rcor d- 

The (Na + - K + ) - ATPasc is thought to opiatein 
ancc with the following ordered sequential reac i 
(Fig. 18-20): 

1. £,-3Na + , which acquired its Na + inside the cell^binds 
ATP to yield the ternary complex £, • ATP * 3 Na 

2. The ternary complex reacts to form the high-energy 
aspartyl phosphate intermediate £i~P' 3 Na . 

3. This “high-energy” intermediate relaxes to its “low-en¬ 
ergy” conformation, £ 2 —P-3Na + , and releases is 
bound Na + outside the cell, that is, Na + is transporte 
through the membrane. 

4 . E 2 —P binds 2 K + from outside the cell to form E 2 — 
P-2K+. 

5. The phosphate group is hydrolyzed yielding E 2 2K + . 

6 . £ 2 *2K + changes conformation, releases its 2 K + inside 
the cell, and replaces it with 3Na + , thereby completing 
the transport cycle. 

The enzyme is thought to have only one set of cation-bind¬ 
ing sites, which apparently changes both its orientation and 
its specificity during the course of the transport cycle. 

The obligatory order of the reaction requires that ATP 
can be hydrolyzed only as Na + is transported “uphill.” 
Conversely, Na + can be transported “downhill” only if 
ATP is concomitantly synthesized. Consequently, al¬ 
though each of the above reaction steps is, in fact, individu¬ 
ally reversible, the cycle, as is diagrammed in Fig. 18-20, 


in the clockwise direction und er „ 

circulates only nd . tions . that is> AT p hydroly sis Xi 
physiologic , ed processes. Note that the V( !N 

transport arc rcofthc reaction cycle results f rn % 

(unidirccho . of thc stC ps of the excrg 0 ni c AT J l| k 

alternation > , +2 an( j step 5) with som» V 

dro 'v S ofS C c'n* r e° nic ion transport prwess <St«K 0t > 

S,C Kcp 6 ). Thus, neither reaction can go to 
unle»the other one also docs. 

Mutual Destahiliratiu" Accounts for the Ha,. ^ 

K+ T ran Sveordered kinetic mechanism accounts only t r 
v, ThC mling of active transport with ATP hydroly^ * 
Tder to maintain a reasonable rate of transport, t hef 
order to inlerme diates must be roughly equal u 

‘“me intermediates were much more stable than afcn. I 
stable intermediates would accumulate, thereby severely re . 
ducing the overall transport rate. For example, in orderf 0r 
Na+to be transported out of the cell, uphill, its bindings p 
must be strong on the inside and weak to £ 2 on the outside 
Strong binding means greater stability and a potential bot¬ 
tleneck. This difficulty is counteracted by the phosphoryi. 
ation of £,*3Na + and its subsequent conformational 
change to yield the low Na + affinity E 2 —P (Steps2 and3, 
Fig. 18-20). Likewise, the strong binding of K + to E 2 ~P on 
the outside is attenuated by its dephosphorylation and con¬ 
formational change to yield the low K + affinity £, (Steps) 
and 6 , Fig. 18-20). It is these mutual destabilizations that 
permit Na + and K + to be transported at a rapid rate. 

Cardiac Glycosides Specifically Inhibit the (Na + -K + )- 
ATPase 

Study of the (Na + -K + )-ATPase has been greatly facili¬ 
tated by the use of cardiac glycosides (also called cardio- 


ATP 




ADP 


3Na + (in) 
2K+ (in) 


El • 3Na + -“-► E 2 . ATP. 3Na + 

1. ATP binding 


Mg 2+ J 


OOCXXXXXXXO 

6. K + transport and 
Na + binding 


E ± ~ P • 3Na + 


Inside 


2. Formation of 

“high-energy” aspartyl 
phosphate intermediate 


■ 

Outside 

5. Phosphate 
hydrolysis 

f2 ' 2K+ ^~7^-^P-2K + 

P, H 2 0 


> < $ v J 


p 1 \\ I 


4 - K + binding 


3. Na + transport 



3Na + (out) 


F,-P 


FIGURE .8-20. A kinetic scheme for the active transport of Na-and K* byCNu-.K-)-^’ 
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ofh^r^r' p . roducts that increase the intensity 

Ptrplefbxglo!eSS'im “ff* a ". eXtracl of 
ture of carrier- „i *}■ 8 * 2 a )’ whlch contains a mix- 

18-21M u 6 ycosides deludingdigitoxin (digitalin; Fig. 

centuries Th p een H SCd t0 ^ COngCStivc hcart failu * for 

bane- Fie l r 7^1^° glycoside ouabain (pronounced wa- 
tree ’has hL . X * Pr ° duCt of thc Easl African Ouabio 

steroids jV° ng U - SCd 35 an arrow poison - Thesc two 
scribed rn H' C Std * among tbe most commonly pre- 
bindte strn^^ 88 ’ inhibU the (Na + -K + )-ATPase by 
enzyme rihelt^ t0 ^ externally ex Posed portion of the 
so as tn hi 3re ,neffective when injected inside cells) 

n 5 =m W f, 5Rg -' 8 - 20 - The ““*“>* increase in 
acellular [Na ] stimulates the cardiac (Na + -Ca 2+ ) anti- 

Lctionon’ , W m C iu UmPS Na+ ° Ut ° f 3nd Ca2+ int0 the cel1 
CaA 0 ^ ^ mCreaSed cytosolic [Ca2+ J boosts the 
DlasJtV t 7 C lular organeUes > Principally the sarco- 

cle com ! T ThUS ’ the rdease of Ca2+10 trigger m us- 
faction (Section 34-3C) produces a larger than nor- 

mal increase m cytosolic [Ca 2 +], thereby intensifying the 

force ot cardiac muscle contraction. Ouabain, which was 

once thought to be produced only by plants, has recently 

een discovered also to be an animal hormone that is se- 

creted by the adrenal cortex and functions to regulate cell 

INa ] and overall body salt and water balance. 


B. Ca 2+ -ATPase 

?f + j ti^ CtS aS ° SeCOnd messen S er in a manner similar 
to CAMP. Transient increases in cytosolic [Ca 2+ ] trigger nu¬ 
merous cellular responses, including muscle contraction 
^section 34 - 3c ), re iease of neurotransmitters (Section 34 - 

a ” w 1 “ WC haVe seen ’ Siycogen breakdown (Section 
17-3C). Moreover, Ca 2+ is an important activator of oxida- 
tive metabolism (Section 19-4). 

The use of phosphate as a basic energy currency requires 
cells to maintam alow interna! [Ca 2+ ] because, for example, 
has a maximum aqueous solubility of 65 uM 
Thus, the [Ca 2+ ] in the cytosol (-0.1 pM) is four ordefs of 
magnitude less than it is in the extracellular spaces (~ 1500 
UM). This large concentration gradient is maintained by the 
active transport of Ca 2+ across the plasma membrane the 
endoplasmic reticulum (the sarcoplasmic reticulum in 
muscle), and the mitochondrial inner membrane. We dis¬ 
cuss the mitochondrial system in Section 20- IB. Plasma 
membrane and endoplasmic reticulum each contain a P- 
type Ca 2+ -ATPase (Ca 2+ pump) that actively pumps Ca 2+ 
out of the cytosol at the expense of ATP hydrolysis. Their 
kinetic mechanisms (18-22) are very similar to that of th? 
(Na + -K + )-ATPase (Fig. 18-20). 


Calmodulin Regulates the Plasma Membrane Ca 2+ Pump 
For a cell to maintain its proper physiological state, it 
must regulate the activities of its ion pumps precisely. The 
regulation of the Ca** pump in the plasma membrane is 
controlled by the level of Ca 2 * through the mediation of 
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FIGURE 18-22. The kinetic mechanism.of 

Here (/») refers to the cytosol h ]umen of 

the cell for plasma membrane d -XTPa* for the 

the endoplasmic reticulum (sarcoplasm - 

Ca 2+ -ATPase of that membrane. 


calmodulin (CaM). This ubiquitous eukaryotic 
ine protein participates in numerous cellular g 
processes including, as we have seen, the control of gly 

' ^-ATraseofplasn* 

adon, as deduced from .he *** 

ta'esTS protein kinases (Section 17-3C). Evidence 
supporting this mechanism comes from proteolytically ex¬ 
cising the Ca 2+ pump’s CaM-binding polypeptide, yielding 
a truncated pump that is active even in the tibsence ofCaM. 
Synthetic peptides corresponding to this CaM-binding do¬ 
main not onty bind Ca 2+ -CaM but inhibit the truncated 

rmpbyincreasingilsAr„forCa»anddecreasmg.<sK 

This suggests that, in the absence ofCa 2+ -CaM, the CaM- 
binding^domain of the pump interacts with the rest of the 
n otein so as to inhibit its activity. When the Ca 2+ concen¬ 
tration increases, Ca 2+ -CaM forms and binds to the CaM- 
binding domain of the pump in a way that causes it to 
dissociate from the rest of the pump, thereby relieving the 

inhibition. . . 

Now we can see how Ca 2+ regulates its own cytoplasmic 

concentration: At Ca 2+ levels below calmodulin’s -1-//M 
dissociation constant for Ca 2+ , the Ca 2+ -ATPase is rela¬ 
tively inactive due to autoinhibition by its CaM-binding 
iomain. If, however, the [Ca 2+ ] rises to this level, Ca 2+ 
rinds to calmodulin which, in turn, binds to the CaM-bind- 


,v % 


Ca 2 + _CaM* + PumP ^ ac J} v ± 


• cn as to relieve the inhibition, thereby actj 
ing domain so a 

the Ca 2+ P urnp ' 

Ca 2 + + CaM 

Ca a»-CaM.. pump 

. . o activated calmodulin). This inw, 

(CaM* » n * ca p UmP ’s K„ for Ca 2+ to below the jjjj 
decreases the P <^ 2 + to be pumped out oftheZ, ' 

[Ca 2+ ]> t h e |fg^a 2 +]decreases sufficiently, Ca 2 + disso^ 
sob When the [Ca ^ ^ ^ of events 

from calmed ^ pump . The entire system is £* 
thereby a** a basement sump pump that is aut 0niati ' 
SyaSed by a float when the water reaches a 

level. 

c (H + - K + ) ~ ATPase °f Gastric Mucosa 

\ t , rp]h of the mammalian gastric mucosa secrete Hq 
P anetal cells of(UW(pH 0.8). Since the cytosohe 
at a concen this represents a pH difference of 6 ,( 

pH , of fhfkS. i- " ic <* «■ 

proSn’s are derived from the idtraceUular hydration ofCO, 
by carbonic anhydrase. 

C0, + H ! 0 = HC0 f + H* 

The secretion of H + involves the participation of an (H + - 
K ATPase, an electroneutral antiport with structure 
l nrnnerties similar to that of (Na + -K+)-ATPase. Like 
therelated (Na + -K + ) - and Ca 2+ - ATPases, it is phosphor- 
S during the transport process. In tins case. ho«», 
the K* which enters the cel! as H+ is pumped out, is * 
auently externalized by its electroneutral cotransport with 
Cl". HC1 is therefore the overall transported product. 

For many years, effective treatment ofpepticuto 
which was a frequently fatal condition caused y 
attack of stomach acid on the gastric mucosa, often 

required the surgical removal of the aflfecte P° * 

of the stomach. The discovery, by James Blac , 
cimetidine, 

n-csn 

h 3 c ch 2 -s—ch 2 -ch 2 -nh-c 

M 




Cimetidine 


r={ 

HN .N 


ch 2 —ch 2 —nh 3 


Histamine 


- n has alm° st 

which inhibits stomach acid secretion, ^ 
entirely eliminated the need for this dango 
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The (H + -K + )-ATPase of the 
p 0 g 5 urS e0 '.._.„ lw1 hv histamine stimulation 


•rotiw - 'Activated by histamine stimulation 
^ 'm^ iceptor in a process mediated by 
e^ii-surfo'* 1 ’ , lr ~de name: Tagamet) and its 


.<*11-^1 (trade name: Tagamet) and its 
of 3 .p netitively inhibit the binding of 

^ rf* ""^Ir, are P^ntly among the 

* * he U ” iKd 

- ffansl° ca ^ on 

i_ „ i s a variation of ATP-driven active 

t rans ,ocatl ® teria U se to import certain sugars. It 
bacterial processes, both useful and 
paired f° r m suC h as those that produce cheese, 
S 1 0° ^dental’ cavities. It differs from active trans¬ 
it’ and m0 i ecu les transported are simultaneously 
in that the )U< The m0St extensively studied exam- 

.Jponp 


TABLE 18-2. Some of the Sugars Transpor 
the E. cou PEP-Dependent PHOSPHOTRAN.SF . 

System (PTS)_ 

Galactitol 
Mannitol 
Sorbitol 
Xylitol 


Glucose 
Fructose 
Mannose 

N-Acetylglucosamine 


The PTS system involves two soluble cytoplasm^ prcH 

teins, Enzyme I (E I) and HPr (^.^^^port 
phosphocarrier protein), which participa su gar the 

of all sugars (Fig. 18-23). In addition, foreachsuga^ 

system transports, there is a specifictransm pro tein 

port protein EII, and in some cases, a sugar-specrfic protem 
E III that is membrane bound for some sug ^ es 

„ . o _trcmcnort. for example, req 


!ful . dental cavities. It atjjersjrurn ucuvt uun>- e sugars and cyt0 . 

3 uce. and d n t P rules transported are simultaneously E III that is membrane bound * le requires 

in that the m m0St extensively studied exam- plasmic for others. Glucose tramp, 

'^^ndocation is the phosphoenolpyruvate-de- the participation *of other sugars, 
fgr0UP hotansferase system (PTS) of E. coli dis- Glucose transport, which resbl ^ ^ pEp tQ 

ut phosph° in 1964. Phosphoenolpyruvate involves the transfer of a ph _ P n about the phos- 

?d by Saul R , donor for this system (recall that glucose with net inversion o g involves in- 

.>***&%*** donor for ATP S yn- phorus atom. Since each mu s. 


^ uncnhorvl donor iui . 

'"^•Tenergv’’ phosphoryl donor for ATP syn- 
511)6 fivate kinase reaction of glycolysis; Section 
int ? pt s simultaneously transports and phospho- 
)• The PT L ce t he cell membrane is impermeable to 
s sugars, bin ^ ^ [hey remam 

Some oTthe PTS-transported sugars are listed in 


glucose with net inversion ot conngurauu.* - . 

phorus atom. Since each p 

version (Section 15-2B), an StedTates 

be involved. Four phosphorylated prole Dhosp horyl 
have been idenlified, indicative of live phospnory 

transfers: 

pE p_» E I_>HPr-E IIP /C - E ll gk -+ gl ucose 
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1 PEP phosphorylates E I at N- 
reactive phospliohistidine adduct. 


H 

h 3 n— c—CH 2 - 


0 " 

I 

o=p o ~ 

\c 

r> i/ 


COO" 

Phosphohistidine 


2 ' avoXtoPto'V] ewac- 

ysis (Section 16-2H). 

3 HPr~P continues the phosphoryl-transfcr clmn by 
‘ phosphorylating E DP* again on a His residue, His 90. 

4 . The fourth phosphoryl transfer is to Cys 421 of E II sfc . 

5 . The phosphoryl group is finally transferred from E II s 

* to glucose, which, in the process, is transported across 
the membrane by E II* fc . Glucose is released into the 
cytoplasm only after it has been phosphorylated to glu- 
cose- 6 -phosphate (G 6 P). 


Thus the transport of glucose is driven by its indirect, exer- 
gonic phosphorylation by PEP. The PTS is an energy-effi¬ 
cient system since only one ATP-equivalent is required to 
both transport and phosphorylate glucose. When the active 
transport and phosphorylation steps occur separately, as 
they do in many cells, two ATPs are hydrolyzed per glucose 
processed. 


Bacterial Sugar Transport Is Genetically Regulated 
The PTS is more complex than the other transport sys¬ 
tems we have encountered, probably because it is part of a 
complicated regulatory system governing sugar transport. 
When any of the sugars transported by the PTS is abundant, 
the active transport of sugars which enter the cell via other 
transport systems is inhibited. This inhibition, called catab- 
olite repression, is mediated through the cAMP concentra¬ 
tion (Section 29-3C). cAMP activates the transcription of 
genes that encode various sugar transport proteins, includ¬ 
ing lactose permease (Section 18-4B). The presence of glu¬ 
cose results in a decrease in [cAMP] which, in turn, re¬ 
presses the synthesis of these other sugar transport proteins. 
Direct inhibition of the sugar transport proteins them¬ 
selves, as well as of certain enzymes, also occurs. 

The mechanism for control of [cAMP] is thought to re¬ 
side in E \\V' C , which is transiently phosphorylated in Step 3 
of the PTS transport process (Fig. 18-23). When glucose is 
plentiful, this enzyme is present mostly in its dephospho 
form since E III* fc ~P rapidly transfers its phosphoryl group 


i.w-nce Under these conditions, a< w , 
1 ! ,r0l, -sina°cdve, although whether dephospho e^S. 
•T, enzyme or E \W k ~ ? act,vates ,l is “"clear. L'% 

its tins cnym s tQ and mhjbits /H 

Byrnes that participate in t^j 

'r,m P of sugars Other than glucose(!he metabolic JN 

fo^many bacteria), including lactose permease and 
Use (Section 16-5). In the absence of gluco*. ^ 
convened to E III*-P. relreving the inhibit”' « 

non-PTS transporters. In addition, adenylate cyd^ • of 
tivated to produce cAMP, which in turn, induces the f 
creased production of some of the non-PTS tra nsp0n 
and enzymes that EIH* /C inhibits. This is a form of 
conservation for the cell. Why synthesize the protejj 
quired for the transport and metabolism of all sugars when 
the metabolism of only one sugar at a time will do? 








future 18-24. The X-ray structure of E. coli L - 
a 168-residue monomer) in complex with one of its regulatory 
targets, glycerol kinase (blue, a tetramer of identical 501 -resi v 
subunits). The two proteins associate, in part, by tetrahecW 
coordinating a Zn 2+ ion via the side chains of His 75 and^ 
of E III* a carboxylate oxygen from Glu 478 of gly ^ 1 rJL 
and a water molecule. These groups are shown in balhan^ 
form with C grey, N blue, O red, and Zn 2+ white. The Zn ' 
mediated interaction between E III* and glycerol kinase 
inactivates glycerol kinase, presumably through an indu 
mechanism. The phosphorylation of E III* at His 90 dis 
this interaction, thereby reversing the inhibition o ^/fL 0 jjJ 
kinase. [Courtesy of James Remington, University of 1 0™ 
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iiC(lir c of E HI*" I" Complex with Glycerol 
v .r«. v s<r " 

ft* ' clu rcs of E III*" both alone and in com- 

of its regulatory' targets, glycerol kinase. 
%ib ot f (c miincd by James Remington and Rose- 
fa *«** 1 1 |cd how E III*" inhibits at least sonic of its 

^ *** s III*"~ P docs not do so - E ni,,c contains 

H j S 75 and His 90, that are required for 
^jjis * , ns fer, although only His 90 is necessary for E 

p ll0 s P hate from HPr. The X-ray structure 
y to 3 ionc reveals that these two His residues lie 

ity ( their N3 atoms are 3,3 * apart ) in a 
!’ c )ose P r0 ' t | ie sur facc of the protein that is surrounded 

_j 8 _a in diameter hydrophobic ring con- 
1 Phe, Val, and lie side chains. 
jjjtii® 0 ; structure of E III*" in complex with glycerol 
The . j g_24) confirms that this hydrophobic gasket is 
Onsite of interaction between the two proteins and 
indeed^ phosphorylation of His 90 disrupts this 

reveals no 

The two active site His residues, which are 
j 3 , e flcUon kuri^ the hydrophobic interaction sur- 
co®P Iete !j na te with a previously unanticipated Zn 2+ ion, 
f3Ce, h°s additionally coordinated to Glu 478 of glycerol 
sluch lS n(1 a wa ter molecule. The phosphorylation of E 
^jriis 90 to yield E III*"~P no doubt disrupts this inter- 
llecular interaction, thereby releasing glycerol kinase and 

“versing ^ inhibition- 


4 ION GRADIENT-DRIVEN 
active TRANSPORT 

Systems such as the (Na + -K + )-ATPase discussed above 
utilize the free energy of ATP hydrolysis to generate elec¬ 
trochemical potential gradients across membranes. Con¬ 
versely, the free energy stored in an electrochemical poten- 
lial gradient may be harnessed to power various endergonic 
physiological processes. Indeed, ATP synthesis by mito¬ 
chondria and chloroplasts is powered by the dissipation of 
proton gradients generated through electron transport and 
Photosynthesis (Sections 20-3C and 22-2D). In this section 
discuss active transport processes that are driven by the 
^ipation of ion gradients. We consider three examples: 
^fttinal uptake of glucose by the Na + - glucose symport, 
uptake of lactose by E. coli lactose permease, and the mito- 
n mal ADP-ATP transporter. 


• Net-(jocose Symport 

C% derived glucose is actively concentrated in 
Pendent r ceEs tEe intestinal epithelium by a Na + -de- 
^t 0th SympOrt 18-25). It is transported from these 
c o$e ujjj e c * rcu latory system via a passive-mediated glu- 
0r t located on the capillary side of the cell and 




(•'») Smnll Iritnntlno 


Lumen 


Columnar 
epithelial 
(brush border) 
cells 


Capillaries 


(b) Villus 



(c) Glucose transport 
Intestinal lumen 
Na + -glucose symport 
Glucose 


Na + 


Capillaries 


Glucose 

uniport 


Glucose 


ATP 


Na + 


Na + 


Brush border cell 


(Na + -K + )-ATPase 


FIGURE 18-25. Glucose transport in the intestinal 
epithelium. The brushlike villi lining the small intestine greatly 
increase its surface area, thereby facilitating the absorption of 
nutrients. The brush border cells from which the villi are formed 
actively concentrate glucose from the intestinal lumen in 
symport with Na + , a process that is driven by the (Na + -K + )- 
ATPase, which is located on the capillary side of the the cell 
and functions to maintain a low internal [Na + ]. The glucose is 
exported to the bloodstream via a separate passive-mediated 
uniport system like that in the erythrocyte. 


which is similar to that of the erythrocyte membrane (Sec¬ 
tion 18-2B). Note that although the immediate energy 
source for glucose transport from the intestine is the Na + 
gradient, it is really the free energy ofA TP hydrolysis that 
powers this process through the maintenance of the Na+ 
gradient by the (Na + -K+)-ATPase. Nevertheless, since 
glucose enhances Na + resorption, which in turn enhances 
water resorption, glucose is often fed to individuals suffer¬ 
ing from salt and water losses resulting from diarrhea. 
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Active and Passive Glucose Transporters Exhibit 
Differential Drug Susceptibilities 
The two glucose transport systems arc inhibited by dif¬ 
ferent drugs: 

1. Phlorizin inhibits Na + -dependent glucose transport. 

2. Cytochalasin B inhibits Na + -independent glucose trans¬ 
port. 



0 O 


D-Glucose-p 

Phlorizin 



Cytochalasin B 

Phlorizin binds only to the external surface of the Na + -de- 
pendent glucose transporter, whereas cytochalasin B binds 
to the cytoplasmic surface of the Na + -independent glucose 
transporter. This further indicates that these proteins are 
asymmetrically inserted into membranes. The use of these 
inhibitors permits the actions of the two glucose transport¬ 
ers to be studied separately in intact cells. 

Kinetic studies indicate that the Na + - glucose symport 
binds its substrates, Na + and glucose, in random order (Fig. 


, 8 26 ) although binding of Na» increases t hc 

8 2 nrtcr for glucose to such an extent thatTHk 
'nlay t' h^ny favored. Only when boU, *' ' 
£nnd however, does the protein change llscoN^ 
Te p^te the binding sttes to the: tnside of , he 
Inirement for concomitant Na* and glucose Ai, 


B. Lactose Permease 

Gram-negative bacteria such as E. colt contain sev era , 
tive transport systems for concentrating sugars, ty, 
a ,ready discussed the PTS system Another 
studied system, lactose permease (also known as <3 
side permease), utilizes the proton gradient across 
terial cell membrane to cotransport H + and la ct0Se ft 
18-21). The proton gradient is metabolically gen ' '*• 
through oxidative metabolism in a manner similar t 0 ? 
in mitochondria (Section 20-3B). The electrochemical rj. 
tential gradient created by both these systems is Z 
mainly to drive the synthesis of ATP. 

How do we know that lactose transport requires the prfr 
ence of a proton gradient? Ronald Kaback has established 
the requirement for this gradient through the following oh- 
servations: 


I _ Yiig rate of lactose transport into bacteria is increased 
enormously by the addition of D-lactate, an energy 
source for transmembrane proton gradient generation. 
Conversely, inhibitors of oxidative metabolism, such as 
cyanide, block both the formation of the proton gradient 
and lactose transport. 

2. 2,4-Dinitrophenol, a proton ionophore that dissipates 
transmembrane proton gradients (Section 20-3D), in¬ 
hibits lactose transport into both intact bacteria and 
membrane vesicles. 


Na + 


Glc 


Na + 


Glc 



Glc = Glucose 

FIGURE 18-26. The Na + -glucose symport system represented 
as a Random Bi Bi kinetic mechanism, although binding of Na + 
increases the affinity of the transporter for glucose to such an 
extent that the upper pathway is heavily favored. T 0 and T„ 


• 'th its bift 

respectively, represent the transport protein wim ^ ( 
exposed to the outer and inner surfaces of the me ^ 
Crane, R.K., and Dorando, F.C., in Martonosi, A- • -< 

Membranes and Transport, Vol. 2 ,p. 154, Plea 


iding^ 
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Oxidative 


metabolism 


Inside 


Recovery, 


Transport^ 


H + + Lactose 


Release 


rtose 


.l> 


E-l • H + . Lactose 


-77 Kinetic mechanism of lactose permease in E. 
to E-2 outside the cell, followed by lactose. 
4 i^ blD . ease d in random order from E-l inside the cell. E-2 
^ ^fboth lactose and H + in order to change conformation 
reby cotransporting these substances into the cell. 

L conformation to E-2 when neither lactose nor H + is 
completing the transport cycle. 


; The fluorescence of dansylaminoethylthiogalactoside, 



Dansylaminoethylthiogalactoside 


a competitive inhibitor of lactose transport, is sensitive 
the polarity of its environment and thus changes when 
11 binds to lactose permease. Fluorescence measure- 
® eQ t$ indicate that it does not bind to membrane vesi- 
^-es that contain lactose permease in the absence of a 
Membrane proton gradient. 



!• E-I, which has a low-affinity lactose-binding site facing 
the interior of the cell. 

2. E-2, which has a high-affinity lactose-binding site facing 
the exterior of the cell. 

E-l and E-2 can only interconvcrt when their H 4 and lac¬ 
tose-binding sites are cither both filled or both empty. This 
prevents both dissipation of the H+ gradient without co- 
transport of lactose into the cell, and transport of lactose 
out of the cell without cotransport of H* agai nst its concen¬ 
tration gradient. 


C. ADP-ATP Translocator 

ATP generated in the mitochondrial matrix (its inner com¬ 
partment; Section 1 - 2 A) through oxidative phosphoryl¬ 
ation (Section 20-3C) is largely utilized in the cytosol to 
drive such endergonic processes as biosynthesis, active 
transport, and muscle contraction. The inner mitochon¬ 
drial membrane contains a system that transports ATP out 
of the matrix in exchange for ADP produced in the cytosol 
by ATP hydrolysis. This antiport, ADP-ATP translocator, 
is electrogenic since it exchanges ADP 3 " for ATP 4 ". 

Several natural products inhibit ADP-ATP transloca¬ 
tion. Atractyloside and its derivative carboxyatractyloside 
inhibit the process only from the external surface of the 
inner mitochondrial membrane; bongkrekic acid exerts its 
effects only on the internal surface. 




h 3 c ch 3 


R = H Atractyloside 
R = COOH Carboxyatractyloside 


H 2 C n / H 
H,Q CH ‘ 

I / H 
H /<?- CH 2 
COOH C=C I 
\ / H H 

HC=C 
\ 

ch 2 

COOH Bongkrekic acid 


C = C OCH 3 H°OC 

' HoC-C HC=C 

H C=C 
H / H 


CH, 


\ 

CH, 


These differentially acting inhibitors have been valuable 
tools in the isolation of the transport protein and in the 
elucidation of its mechanism of action. For example, the 
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translocator has been purified by affinity chromatography 
(Section 5-3D) using atractyloside derivatives as affinity 
ligands. Atractyloside binding is also a convenient means o 
identifying the translocator. 

The ADP-ATP translocator, a dimer of identical 30-k 
subunits, has characteristics similar to those of other trans¬ 
port proteins. It has one binding site for which ADP an 
ATP compete. It has two major conformations, one with its 
ATP-ADP binding site facing the inside of the mitochon¬ 
drion, and the other with this site facing outward (Fig. 18- 
28). The translocator is an antiport because it must bind 
ligand to change from one conformational state to the other 
at a physiologically reasonable rate. 

The ADP-ATP translocator is not itself an active trans¬ 
port system. However, its electrogenic export of one nega¬ 
tive charge per transport cycle in the direction of ATP 
export-ADP import is driven by the membrane potential 
difference, AH', across the inner mitochondrial membrane 
(positive outside). This results in the formation of gradients 
in ATP and ADP across the membrane. 


CHAPTER SUMMARY 

Polar molecules and ions are transported across biological mem¬ 
branes by specific transmembrane transport proteins. The free 
energy change of the species transported depends on the ratio of its 
concentrations on the two sides of the membrane and, if the spe¬ 
cies is charged, on the membrane potential A'P. The rate of non- 
mediated diffusion across a membrane is a linear function of the 
difference in concentration of the species on the two sides of the 
membrane as governed by Fick’s first law of diffusion. Mediated 
transport is characterized by rapid saturation kinetics and specific¬ 
ity for the substance transported. It is also subject to competitive 
inhibition and chemical inactivation. Ionophores transport ions 
through membranes. Carrier ionophores, such as valinomycin, do 
so by wrapping a specific ion in a hydrophobic, membrane-soluble 
coat that can freely diffuse through the membrane. Channel-form¬ 
ing ionophores, such as gramicidin A, form a transmembrane pore 
through which selected ions can diffuse. The ion selectivity of 
porins varies with the identities of the amino acid side chains lining 
the transmembrane channel. Glucose transport across erythrocyte 
membranes is mediated by a dimeric transmembrane glycoprotein 
that can assume two conformations: one with a glucose-binding 
site facing the external cell surface and the other with the glucose 
site facing the cytosol. Transport occurs by the binding of glucose 
to the protein on one face of the membrane, followed by a confor¬ 
mational change that closes this site and exposes the other (a gated 
pore). 

Active transport of molecules or ions against a concentration 
gradient requires an input of free energy. The free energy of ATP 
hydrolysis is coupled to the transport of three Na + ions out of and 
two K + ions into the cell by the (Na + -K + )-ATPase. This electro- 




conformation l 


ICURE 18-28. Conformational mechanism of the ADP- 
TP translocator. An adenine nucleotide-binding site located 
, the intersubunit contact area of the translocator dimer is 
Lmatelv exposed to the two sides of the membrane. In 
ontrast to the glucose transporter (Fig. 18-15), the ADP- at 
•anslocator can change its conformation only when bound t( 
DP or ATP. 


■ATP 

to 


genic process involves phosphorylation of an Asp residue (by ATP) 
in the presence of Na + and its dephosphorylation (hydrolysis) in 
the presence of K + . Phosphorylation and dephosphorylation are 
accompanied by conformational changes that ensure rapid inter- 
conversion of all intermediates along the transport pathway. ATP- 
driven transport of Ca 2+ by the Ca 2+ • calmodulin-activated Ca :t - 
ATPase and of H + by (H + -K + )-ATPase occur by similar phos¬ 
phorylation/dephosphorylation mechanisms. Bacteria transport 
sugars by group translocation, a process in which the transported 
substance is chemically modified. The PTS system, which has 
important regulatory functions, phosphorylates sugars as they are 
transported by utilizing phosphoenolpyruvate as a phosphor)! 
donor. 

Active transport may be driven by the free energy stored in '°n 
gradients (secondary active transport). Glucose is transported into 
intestinal epithelial cells against its concentration gradient by* 
Na + -glucose symport. This process is ultimately powered by ^ 
free energy of ATP hydrolysis since the Na + gradient is constan ^ 
being replenished via the (Na + -K + )-ATPase. The system ^ 
forms to a Random Bi Bi kinetic mechanism, imply' 11 ® a 
Na + and glucose must be bound for the transport-producing^ 
formational change to occur. Lactose is transported into b- 
lactose permease, an H + -lactose symport. This process is 
by the cell’s electrochemical H + gradient which is, in -jbe 
tained by a proton pump coupled with oxidative metabo is ^ ^ 
mitochondrial ADP-ATP antiport system also interacts ^ 
membrane potential in the asymmetric transport of A 
and ADP into the mitochondrion. 






